Abstract: Non-degenerate 2-photon excitation (ND-2PE) of a fluorophore with two laser beams of different photon energies offers an independent degree of freedom in tuning of the photon flux for each beam. This feature takes advantage of the infrared wavelengths used in 3-photon microscopy to achieve an increased penetration depth, while preserving a relatively high degenerate 2-photon excitation (D-2PE) cross section, exceeding that achievable with 3-photon excitation. Here, using spatially and temporally aligned Ti:Sapphire laser and optical parametric oscillator beams operating at near infrared (NIR) and short-wavelength infrared (SWIR) optical frequencies, respectively, we provide a practical demonstration that the emission intensity of a fluorophore excited in the non-degenerate regime in a scattering medium is more efficient than the commonly used D-2PE.
Introduction
Two-photon microscopy has had an enormous influence on animal studies of brain activity in vivo providing a tool for high-resolution imaging in live cortical tissue [1] [2] [3] [4] . Yet, the majority of 2-photon imaging studies, as of today, have focused on the top ~500 μm of the cerebral cortex due to limited penetration of light in biological tissues. Cerebral neurons, however, are wired in circuits spanning the entire cortical depth (~ 1 mm in mice) [5] , and sampling of activity throughout this depth would be required for reconstruction of circuit dynamics. Therefore, pushing the depth penetration of microscopic imaging technology is at the heart of the BRAIN Initiative's efforts focused on large-scale recording of neuronal activity [6] . Here, we demonstrate that the degree of freedom introduced by non-degenerate 2-photon excitation (ND-2PE) -using two independently controlled pulsed laser sources of different photon energies -may provide a number of advantages over the conventional methods promising deeper penetration with higher efficiency of excitation in a scattering medium. and (c) non-degenerate 2-photon excitation (ND-2PE).
The conventional 2-photon microscopy relies on absorption of two equal energy photons (i.e., "degenerate" 2PE (D-2PE), Fig. 1(a) ). The light source (usually, a pulsed femtosecond Ti:Sapphire laser) is tuned within the ~740-1000 nm near infrared (NIR) window. For example, 740 nm is used for imaging of nicotinamide adenine dinucleotide (NADH) [7, 8] and 800-1000 nm for imaging of intravascular dextran-conjugated fluorescein isothiocyanate (FITC) [9] . Using even longer excitation wavelengths further pushes the depth limit due to an increase in the photon mean free path [10] [11] [12] . A recent study using 1280 nm excitation documented imaging of mouse cortical vasculature in vivo down to ~1.6 mm [11] approximately reaching the fundamental depth limit in scattering tissue [13] . This wavelength, however, lies outside the D-2PE spectrum for most of the visible fluorophores, thus limiting the approach to a handful of optical probes with far red emission (e.g., Alexa 680).
Another strategy to increasing imaging depth is the use of higher-order multiphoton excitation. Three-photon imaging relying on absorption of three equal energy photons (i.e., "degenerate" 3-photon excitation (D-3PE), Fig. 1(b) ). The short-wavelength infrared (SWIR) spectral excitation window of 1700 nm has been recently demonstrated to penetrate down to ~1.3 mm providing images of hippocampal neurons expressing red fluorescent protein [14] . Higher-order multiphoton excitation, however, suffers from very low absorption efficiency quantified as the absorption cross-section [15] . As such, D-3PE cross-section is orders of magnitude lower than that for D-2PE [16] , resulting in low emitted photon count and slowing down image acquisition. Low fluoresence intensity is a significant drawback for realtime imaging of time-resolved biological processes, e.g., neuronal activity. Further, the higher laser power needed to overcome the low D-3PE cross-section may harm tissue resulting from repeated dwelling on the same point as required for imaging of activity over time.
Finally, deeper subcortical imaging can be achieved using more invasive approaches such as microendoscopy [17] , by removing the overlaying tissue [18] , or with technologies that do not rely on optical focusing but at a price of decreased spatial resolution [19] . However, compromising the health of tissue or spatial resolution might not be an acceptable alternative for most cellular-level neuroscience applications.
To overcome these limitations, we explore ND-2PE -absorption of two photons of different energy (Fig. 1(c) ). Non-degenerate excitation of optical species has a long history in the physical chemistry community [20] [21] [22] and has been recently employed for simultaneous imaging of multiple fluorophores in the cerebral cortex in vivo [23] . For the goal of deep tissue imaging, this mode of excitation holds a promise of attaining higher signal level characteristic to D-2PE with deeper penetration typical for longer wavelengths of SWIR light.
In this study, we investigate ND-2PE fluorescence and show experimentally that its efficiency is comparable with D-2PE. Additionally, we show that for imaging through a scattering medium such as brain tissue, ND-2PE can mitigate the loss due to scattering, and has an effective efficiency substantially higher than that of D-2PE. In the following sections, we describe the experiments in support of the characterization of ND-2PE efficiency and its benefits for operation in a scattering medium. Specifically, our experimental validations start with an investigation of the excitation cross-section of ND-2PE in comparison with that of D-2PE in a transparent medium. The experimental setup is described in Section 2.1, followed by a description of experimental data and their analysis in Sections 2.2-2.4. In Section 2.5, we analyze the advantage of ND-2PE for imaging in a scattering medium (approximating the brain tissue) using the ratio of absorption cross-sections for ND-2PE and D-2PE measured in Sections 2.3 and 2.4 together with the attenuation length for the NIR and SWIR beams from Ref. [14] . Here, we use a model governed by the Beer-Lambert law to predict how far the penetration depth of ND-2PE can be extended to support the minimum detectable fluorescence signal. In Section 2.6, we demonstrate that introducing the SWIR beam in the scattering medium helps to compensate for the scattering loss of the NIR beam, thereby demonstrating that the effective efficiency of ND-2PE is superior to that of D-2PE (i.e., 88% higher efficiency).
Experimental setup and results

Experiment setup
For our experimental validation, we need to choose one of the beams within the most "transparent" part of SWIR optical window of ~1300-1400 nm or ~1600-1900 nm as has been identified in a recent study [14] . This places the second beam within the ~ 700-1000 nm NIR wavelength range to supply the required photon energy for ND-2PE of visible emission fluorophores (green to red). The NIR beam will experience higher losses due to scattering, limiting the achievable power at the focal spot deep in the tissue. However, under ND-2PE, the emitted signal is proportional to the product of the power in each beam. Therefore, increasing the SWIR power will compensate for the NIR losses. In our experiment, ultrashort pulses were derived from a Ti:Sapphire laser (Coherent Mira-900) tuned to 825 nm, further referred to as the NIR beam) and an optical parametric oscillator (OPO) (1315 nm, further referred to as the SWIR beam).
We choose 1315 nm as the shortest wavelength available from our OPO system while the other wavelength was fixed at 825 nm in order to efficiently operate the OPO system. The NIR beam was separated into two arms by a polarizing beam splitter. One of the arms was launched into the OPO. A delay line (Thorlabs LTS150) with resolution of 2 μm, which is temporally equivalent to 6.6 fs, was used to temporally overlap the NIR and the SWIR laser pulses. Several lenses and mirrors in each optical path were used to spatially overlap the NIR and SWIR laser pulses as indicated in Fig. 2 . Then the two laser beams were combined by a dichroic mirror (Thorlabs, DMSP 1000). A lens (Newport, 5712-A-H 40X) was used to focus the NIR and SWIR beams into the sample and collect the emitted fluorescence signal. In order to detect fluorescence, two dichroic mirrors (Semrock, FF678-Di01-25x36 and FF735-Di01-25x36) and a bandpass filter (FF01-530/11) were placed in front of a photomultiplier tube (PMT, Hamamatsu R3896) that was used as a detector.
A computer code (Matlab) was devised to automate the procedure of temporal overlap between the SWIR and NIR pulses by scanning the delay line and logging PMT readings at each position. To achieve the spatial overlap of the two beams, we estimated the position of focal plane for each beam as the following: We inserted a diffuser filter mounted on a translation stage (Newport, M-561D-XYZ) in the light path near the focal plane of the microscope objective and observed the size and motion of the speckle pattern on a target placed behind the filter while translating the filter in the axial direction (along the z axis) and in the transverse (xy) plane. When the filter was translated along the z axis, the speckle size was maximized as it approached the focal plane. When the filter was translated in the xy plane, the moving speckle pattern reversed its direction while passing through the focal plane. Based on these measurements, we estimated that the focal planes of the two beams were displaced by 2 μm along the z axis.
To calculate the beam radius at the focal spot (i.e., beam waist), we used a beam profiler (Thorlabs, BP209-IR). For each of the beams we obtained the beam size at several axial positions for estimation of the divergence angle behind the objective lens [24] . These measurements were then used to back calculate the position of the focal spot. The calculated beam radius at the focal spot (i.e., beam waist) was NIR w = 1.32 μm and SWIR w = 2.135 μm for the NIR and SWIR beams, respectively. 
Fluorescence signal under D-2PE and ND-2PE
First, we investigated the dependence of the fluorescence signal on the temporal beam alignment ( Fig. 3(a) ) and power of each beam (Fig. 3(b)-3(c) ) in a transparent medium (500 μM fluorescein in saline). We chose fluorescein because it is a common fluorophore with well-characterized multiphoton absorption properties [25] and is the basis for novel voltage sensitive probes [26] . The temporal alignment was optimized by scanning the optical delay line, and the fluorescence signal was detected by the PMT. Irrespective of the delay line position, we observed a fluorescence signal generated by the D-2PE due to the NIR beam alone (Fig. 3(a) , "D-2PE"). No fluorescence signal was generated due to the SWIR beam alone because of its insufficient photon energy for D-2PE of fluorescein. The delay line was moved in steps of 2μm using a stepper motor. This step size was chosen considering the pulse width of the NIR and SWIR beams which were around 146 and 185 fs respectively (i.e., 45 and 60 μm in free space, respectively). An increase in the fluorescence signal was detected as the two beams overlapped indicating the additive effect of the ND-2PE occurring due to the simultaneous absorption of NIR and SWIR photons ( Fig. 3(a) , "D-2PE + ND-2PE"). This additive property indicates that, under our experimental conditions, depletion of NIR beam due to its absorption by the fluorophore in the D-2PE regime was insignificant. The ND-2PE at λ 1 =825 nm and λ 2 =1315 nm is equivalent in photon energy to D-2PE with λ 3 =2/(1/λ 1 +1/λ 2 )=1013 nm. 
Power dependence of ND-2PE and D-2PE on NIR and SWIR beam
Next, we examined the dependence of the fluorescence signal on the power of each beam ( Fig.  3(b)-(c) ). In the absence of proper temporal overlap, the signal scaled quadratically with the NIR power with no dependence on the SWIR power (green curves in Fig. 3(b) and Fig.3(c) , respectively). This clearly indicates D-2PE. With the two beams aligned, the excited fluorescence signal increased with an increase in power of each beam while keeping the power of the other one constant (blue curves in Fig. 3(b) and Fig. 3(c) ). Subtracting the contribution of D-2PE we obtained a dependence of the excited fluorescence on the power of each beam (red curves in Fig. 3(b) and Fig. 3(c) ). As expected, the signal increased linearly in both experiments clearly indicating ND-2PE (that is proportional to the power in each beam). The measured power dependences in Fig. 3(c) do not start from zero because of the fluorescence due to D-2PE at the fixed NIR power. 3PE was not observed due to insufficient SWIR power emphasizing low efficiency of 3PE compared with ND-2PE [24] .
Cross section of ND-2PE
To quantify the absorption efficiency, we computed the ratio of absorption cross-sections for D-2PE ( D  ) and ND-2PE ( ND  ). To this end, we started with the expression of fluorescence while assuming nonuniform intensity within each beam:
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where D F and ND F are the detected fluorescence signal under D-2PE and ND-2PE, respectively; K is a product of the quantum yield of the fluorophore, geometry of the imaging system and the fluorophore concentration and is independent of the excitation regime; ( , , ) NIR I t r z and ( , , ) SWIR I t r z are the spatiotemporal intensity distributions assuming Gaussian beams in space and Gaussian pulse envelope. After simplification, the ratio of these two Eqs yields
where NIR I and SWIR I are the average photon flux for the SWIR and NIR beams and α is a correction factor that accounts for the partial overlap in the SWIR and NIR beam due to differences in the pulse width and beam waist. 
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ratio is most likely explained by the off-resonance ND-2PE excitation (equivalent to D-2PE at 1013 nm). These results confirm that the power requirement for the NIR beam, which would experience higher scattering in biological tissue, can be relaxed at the expense of increasing the SWIR power.
Analysis of the penetration depth with ND-2PE in scattering medium
The results of the previous sections show that the excitation cross-section for ND-2PE in the transparent medium is about half of that for D-2PE. However, we anticipate that effectively the efficiency of ND-2PE will be significantly higher compared to that of D-2PE in the scattering medium due to the difference in attenuation length for the NIR and SWIR beams. Next, we performed a theoretical calculation to demonstrate the benefits of ND-2PE for imaging in a scattering medium. For this calculation, we approximated the attenuation length of our excitation beams using previously published values for NIR and SWIR at comparable wavelengths (130 m and 285 m, for NIR=775nm and SWIR=1280nm, respectively) [14] . We modeled the beam attenuation with the Beer-Lambert law using the previously mentioned attenuation coefficients. In order to reveal the effect of ND-2PE, for simplicity, the photon intensity of the NIR and SWIR beams were set to be equal resulting in equal total excitation power for the D-2PE and ND-2PE before entering the scattering medium. The fluorescence signal in the simulation was normalized to the fluorescence signal of D-2PE at the entrance to the scattering medium (at the depth of 0 μm). The calculated result is shown in Fig. 4 , where the blue and green curves represent the fluorescence intensity resulting from D-2PE and ND-2PE, respectively. Within the attenuation length of the NIR beam, the lower fluorescence signal of ND-2PE is a result of its lower excitation cross-section (as measured in Sections 2.2-2.4). Past this point, the advantage of ND-2PE becomes obvious. Since the fluorescence intensity depends quadrically on the intensity of the NIR beam which experiences higher scattering, the ND-2PE signal begins to exceed that of D-2PE. This is because the SWIR beam is attenuated less during propagation in the scattering medium. At a depth of 700 μm, where the lowest signal could be detected experimentally in Ref. [14] , the signal drops by ~47dB. For the ND-2PE case, however, the same ~47 dB loss is calculated to occur at ~900 μm, a ~200 μm enhancement of the penetration depth. In addtion, we can think of this effect in terms of efficiency. At a depth of 700 μm, the fluorescence of D-2PE drops by ~47 dB while the fluorescence of ND-2PE drops by only ~37 dB. The 10-dB difference is due to ND-2PE being relatively unaffected by the loss of the NIR power in the scattering medium. This aspect is the core of the following experiment in Section 2.6. Fig, 4 Simulation of the fluorescence intensity under D-2PE (blue) and ND-2PE (green) as a function of depth in the scattering medium.
Efficient ND-2PE in scattering medium
Next, we conducted a separate experiment comparing the fluorescence signal generated using ND-2PE and D-2PE in the transparent and scattering media. The excitation intensity of the NIR and SWIR beams was increased beyond the range of the previous experiment ( 24 1 .66 10  and 24 3.16 10  photons/cm 2 s for the NIR and SWIR, respectively) to overcome losses in the scattering medium. To emulate the scattering properties of biological tissue we used a solution of 1 % intralipid in water (by volume), which is a standard phantom for studies of light penetration in biological tissues [27, 28] . The sample (500 µM fluorescein) was submerged 500 µm below the surface of the scattering medium. Similar to the experiment in the transparent medium, we moved the delay line and measured the fluorescence signal as a function of the delay line position (Fig. 5 (a) ). The resultant curve was then normalized by the fluorescent signal ( D F ) due to D-2PE when the beams were temporally misaligned ( Fig. 5(b) ) resulting in the ratio /
